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Practical models of solar energetic particle transport
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Abstract. Impulsive solar energetic particle (SEP)
events are associated with corotating solar wind
structures, while gradual SEP events are associated
with coronal mass ejections (CMEs) and their con-
tinuation in the interplanetary space. Those solar
wind structures strongly affect the SEP transport
to a spacecraft. This report is focused on new SEP
modeling schemes, which are applicable to a general
case of the energetic particle propagation in dynamic,
structured solar wind. Accurate analysis of a SEP
event should incorporate modeling of the particle
transport in structured solar wind, which can be
done with use of coronal and solar wind data, MHD
modeling of solar wind, the SEP flux anisotropy
measurements, and the new SEP modeling schemes
described in this report.
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I. INTRODUCTION

Numerical modeling of solar energetic particle (SEP)
events helps us to understand what we observe in space,
to uncover physics of the SEP sources, and to probe
interplanetary magnetic field (IMF) structures met by
SEPs (e.g., [1], [2], [3]). Many previous works (e.g.,
[4], [5], [6]) considered an Archimedean spiral magnetic
field configuration, as expected for a uniform solar wind
due to the rotation of the Sun. However, even for weak
impulsive SEP events it is essential to take into account
deviations from the standard IMF [7], [8]. Major events
frequently occur as part of a series of eruptions from
one active region, so it is not unusual for a gradual SEP
event to occur in strongly disturbed solar wind. Recent
modeling efforts were focused on particle transport in
disturbed magnetic field configurations, such as coro-
tating compression regions [9], [10], open tubes with
magnetic bottlenecks [11] and interplanetary magnetic
clouds [12], [13].

While the mean free path of energetic particles in
the inner heliosphere is highly variable, its value is
often comparable to or even exceeds 1 AU, which
necessitates a focused transport approach for the SEP
modeling. Ruffolo [4] considered the focused transport
of solar cosmic rays with both pitch-angle scattering and
energy change included, based on the assumption that
the large-scale structure of the interplanetary magnetic
field is stationary in a frame corotating with the Sun,
and the solar wind flow in that frame is parallel to
the magnetic field (Fig. 1). Such assumptions are valid
for the Archimedean spiral magnetic field and for some

other corotating structures [9]. However, a dynamic solar
wind model that is based on observations of a particular
event may not fulfill these assumptions. Modeling of
energetic particle transport in arbitrary solar wind struc-
ture requires a general solution to the focused transport
problem of SEPs.

In an effort to combine SEP transport models with
results of MHD modeling of CMEs, Kéta er al. [14]
employed the field-aligned SEP-transport equation in
the non-inertial frame co-moving with the solar wind
plasma at every position of an energetic particle [15],
[16]. Recently, Kocharov et al. [17] have formulated a
method for stochastic simulations of SEP transport in an
arbitrarily structured solar wind with use of only inertial
reference frames (see also Section III).

II. STOCHASTIC SIMULATIONS OF SEP TRANSPORT

The evolution of energetic particle distributions un-
dergoing energy and pitch angle changes can be treated
by the method of stochastic simulations, known also
as the Monte Carlo method. There are two slightly
different approaches to the Monte Carlo method. The
first approach is based on the fact that the Fokker-Planck
equation can be expressed as a set of stochastic differ-
ential equations with random scattering terms (e.g., [18]
and references therein). The set can be solved by time-
stepping the progress of individual (quasi-)particles, and
the results — e.g., particles with a particular energy
at a particular position — are binned to give a final
distribution. The formal solving of transport equation
with Monte Carlo method may simulate not real physical
processes with real particles but imaginary particles in
imaginary processes (e.g., [19]). However, it is also
possible to start with a microscopic description of
physical processes, to develop a numerical code, and
afterwards if possible to link the code to a Fokker-Planck
equation. The stochastic simulations method was applied
in particular to modeling of nuclear interactions of high-
energy particles in solar flares (e.g., [20], [21]) and to
SEP transport in interplanetary space (e.g., [22], [6]).
The Monte Carlo method can also incorporate ionization
and recombination of accelerated ions, the generation of
plasma waves by energetic protons and electrons, and
any other elementary processes in question (e.g., recent
(23], [24]).

Ruffolo [4] derived a Fokker-Plank equation for the
transport of solar energetic particles in the interplanetary
magnetic field, assuming that in a frame corotating with
the Sun the large-scale structure of the field is stationary,
and particles are scattered at irregularities in the solar



wind flow along the large-scale magnetic field lines. In
the case of a static magnetic field and field-aligned solar
wind flow, both the particle transport and the energy
change are completely due to concurrent focusing by
the IMF and scattering in the plasma stream. In such
a case the Monte Carlo simulations in the corotating
frame comprise three small-step processes — particle
motion along the IMF line, particle focusing in the static
magnetic field, and pitch-angle scattering at scattering
centers in the flow [6]. We calculate, at each Monte-
Carlo time step, dt, the change of the particle coordinate
due to the particle motion along the magnetic field line
as

0& = vudt, (1)

and the change of the particle pitch angle cosine due to
focusing and scattering:

Sp = (1 = p?)vdt/(2L) + dptec, )

where ¢ is particle coordinate measured along the mag-
netic field line from the Sun, v and p are the particle
speed and pitch angle cosine, respectively;

B
~ OB/o¢

is the magnetic focusing length, B is the magnetic field
intensity, and dpus. is a random term caused by angular
scattering with scattering frequency

v=uv(p). “)

The scattering can be accounted for by a process of
3—D angular scattering with respect to the instantaneous
direction of particle motion, as described in [25]. Scat-
tering of energetic particles at magnetic irregularities
tends to isotropize the particle distribution in the rest
frame of plasma, which is a ‘natural’ reference frame for
simulations of scattering, and the scattering frequency
v and the mean free path )\ are defined in that frame.
In the case of the standard solar wind we can perform
scattering in a local frame that moves with respect to the
corotating frame with solar wind velocity v, = u/ cos U,
where U is angle between the magnetic field and the
radial direction (Fig. 1). Note that the 3—D angular
scattering approach avoids possible erroneous treatment
of particle distributions at ;. = 31 encountered by direct
stochastic simulations in p. In the case of the standard
solar wind the results of Monte Carlo simulations of SEP
transport have been confirmed with a finite-difference
solution of [4] to three-digit accuracy [6].

L= 3)

III. GENERAL SOLUTION TO FOCUSED TRANSPORT
PROBLEM

In the general case, there is no global frame where the
solar wind flow is parallel to the large-scale magnetic
field and the magnetic field is static. Correspondingly,
stochastic simulations of particle transport must be mod-
ified to incorporate the cross-field flow of the solar wind
plasma with frozen-in magnetic field lines as well as
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Fig. 1: A corotating solar wind structure employed for
particle transport modeling [9], [10], [17] and vectors
used for general formulations. Solar wind velocity vec-
tors in the inertial frame and in the corotating frame are
u and u., respectively.

possible explicit time-dependence of the magnetic field.
After consideration of the underlying physics, a general
SEP modeling method can be formulated.

We will use for modeling of physical processes only
inertial reference frames. Particle motion between the
collisions, magnetic focusing, and energy change due to
centripetal force on moving magnetic field lines (to be
introduced below) will be modeled in the global, fixed
inertial frame. The same frame will be used for regis-
tering of particle parameters at 1 AU. For the particle’s
position, we use a curvilinear coordinate measured along
the fixed magnetic field line. Scattering and explicit
betatron effect (see below) will be modeled in a local
inertial frame (instantly) co-moving with solar wind at
a current time and at a current position. We do not use
the non-inertial co-moving frame employed in [14]. A
solar-corotating-frame modeling can be used for testing
of the inertial-frame modeling in the case of the system
shown in Fig. 1, with particles registered in the fixed
inertial frame for both modeling methods [17].

Our simulations of the particle’s displacement along
the IMF line with velocity v, focusing and scattering
in the case of arbitrary solar wind, are basically similar
to those described by equations (1)—(4) for the standard
solar wind; however, our simulations are performed in
an inertial heliocentric frame of reference. Inasmuch as
both the solar wind plasma with irregularities and the
SEPs are anchored to the IMF lines, the relative motion
of SEPs and plasma depends only on the component of
the plasma velocity parallel to the magnetic field, u
(Figure 1). Therefore, the velocity u is used instead of
u,. for simulations of scattering. Then we introduce three
additional processes associated with the solar wind flow
in the direction perpendicular to IMF, u; # 0, and with
explicit time dependence of the magnetic field intensity,
OB/ot # 0.
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The first process is transverse convection of SEPs with
magnetic field lines. Particle transport in the direction
perpendicular to the magnetic field is assumed to pro-
ceed with the perpendicular velocity of the solar wind,
u . We use for Monte Carlo simulations a curvilinear
coordinate, £, that is measured along a magnetic field
line. The coordinate line can move with the solar wind
flow. In such a coordinate system, the particle’s coordi-
nate change is the difference between the particle’s shift
due to convection and the shift of the coordinate grid.
Thus, at each time step, Jt, we add to the particle’s
coordinate a displacement 6, that is the difference
between the displacement u §t and the displacement
of the coordinate grid. For instance, in a corotating
structure like that shown in Figure 1, the azimuthal
component of convection does not change the particle’s
coordinate £ measured along the magnetic field line from
the Sun. A &-coordinate change is caused only by a

radial displacement, (u ), dt:
ot
§Epe = @O0 Tt s (5)
cos ¥

where the radial component of the perpendicular velocity
of solar wind (u, ), = usin ¥, sin ¥, ¥ is the angle
between the magnetic field and the radial direction, and
v, is the angle between the magnetic field and the
solar wind velocity. Accounting for the perpendicular
convection, equation (1) is replaced with:

0& = vpdt + uyot, (6)

where
Uy = usin ¥, tan ¥ @)

is the explicit convection speed of SEPs due to u; . The
introduced vectors (u ), and u,, are illustrated in Fig. 1
where ¥,, = W. There is also a parallel convection due
to u), which is implicitly accounted for, with particle
scattering being performed in the frame moving with
velocity w.

The second process is explicit betatron effect (de-
celeration or acceleration) caused by the perpendicu-
lar convection. This effect appears when the magnetic
field intensity B changes in a direction perpendicular
to the magnetic field. The betatron effect can change
the component of particle velocity perpendicular to the
magnetic field, so that at each step the perpendicular
velocity squared changes by

1
sv? = vﬁ_E u,-VB 6t ®)

The betatron effect may be also caused by explicit time
dependence of the evolving magnetic field intensity,
which results in

5 1 0B
ov? = —6t. 9
UL lB ot ©)
Both contributions can be combined as
5 1d. B
svt =0t =251, (10)

Bdt

where we have defined the perpendicular material deriva-

tive as di . ﬁ )
dt ot

It is convenient to introduce a dimensionless rate coef-

ficient for the explicit betatron effect, ay:

s02 — 5 Ot _1d,BR,
UL—abULm, ap = BTE,
where one can adopt U, = 400 km s~ ! and R, = 1 AU.

The third process is the change in a particle’s parallel
velocity on a curved magnetic field line due to motion
of the field line. This is similar to the energy change
of a particle bouncing from a moving body. Change
in the particle’s parallel energy is caused by the work
done by the particle against the centripetal force, as
the particle moves along a curved IMF line, which in
turn moves with the plasma velocity u | in the direction
perpendicular to the field line. The work done by the
centripetal force is 0W = mUHR L. uét, where the
vector of inverse radius of curvature R ' = 0b/9¢ and
b = B/B is a unit vector that is parallel to magnetic
field line. Thus, the change of the parallel component
of a particle’s velocity due to the centripetal effect is of
the form:

4u, -V

12)

Ob Ob
5v‘|:v“u-a—£§t=v“uj_~a—€5t.

After defining one more rate coefficient, a., we finally
have:

13)

ot . ob R,
R, U, =5 U,
Here, we have neglected a time-change of the magnetic

field direction, assuming |0b/0t| < v)|0b/0¢|, other-
wise one has to replace equation (13) with

(S’UH = (14)

8 ob
5t+ Tl ‘ T —dt.

Processes (12) and (14) change both a particle’s
energy and its pitch angle. Profiles of three new coef-
ficients, wu,/U,, ap and o, can be calculated along a
particular magnetic field line and used for simulations of
particle propagation in the general case when the solar
wind flow is not parallel to the magnetic field and the
magnetic field is not static.

5UH = ’UH u, - (15)

IV. CONNECTION TO DIFFUSION-CONVECTION
EQUATION

The diffusion-convection equation (DCE) provides the
analytic background for transport and acceleration of
cosmic rays where the high-energy particle distribution
is nearly isotropic in the local plasma flow frame ([22]
and references therein):

of pof

Bt :Vmijvjf—u-Vf+§a—V u.
Here the (isotropic) distribution function f is the par-
ticle number density in six-dimensional momentum-

coordinate space (p;, x;; ¢ = 1,2,3). Representing the

(16)



isotropic part of particle distribution, the function f
depends only on magnitude p of the momentum vector
p;. The first term on the right-hand side of equation
(16) comprises scattering and magnetic geometry ef-
fects, including focusing and drifts. The second term
represents convection with the plasma flow velocity,
u, and the third term accounts for the compressive
deceleration/acceleration, depending on the sign of the
divergence of the fluid velocity, V-u. Equation (16) sug-
gests that the kinetic energy of nonrelativistic particles,
E, in an expanding system (V -u > 0) declines as

dE 2

One can re-cast the energy-changing term using MHD
equations [10]. As the magnetic field is frozen into the
plasma, the magnetic field is linked to the fluid velocity
by the MHD induction equation:

OB

i V x (u x B).
Multiplying this equation by b/B|, where b = B/B| is
a unit vector parallel to magnetic field, after straightfor-
ward vector algebra one can express the divergence of

solar wind velocity in the following form:

a7

(18)

1dB
Vu=b-b-Vu— —-— 19
w=b-(b-V)u- 20 (9
where dB/dt = 0B/0t + (u - V)B is the material
derivative of the magnetic field magnitude B = [B].

Then, after splitting # = wu)| + u_ the divergence of
plasma velocity can be recast into the form:

1 1 d.B b
V'"Z(b'V)Uu—g(“u'V)B—gj—urgga
(20)

where d) B/dt is defined by equation (11). The two
last terms arise from the perpendicular convection and
explicit time dependence of the magnetic field intensity.
Substituting those terms into equation (17), one can
find the associated energy-change rate, (dE/dt) , . With
definitions (12) and (14), the rate of energy change
associated in DCE with u; and 0B/dt is of the form:

dE\ 2 U,
i )2 E,
<dt)L 3 (@ Fad) 2

On the other hand, one can start with the microscopic
processes defined in the previous section and average
over an isotropic particle distribution the energy change
defined by equations (12) and (14):

m (;<6vi> + <U|5U||>) )

to obtain an expression identical to equation (21). The
other terms of equation (20) can also be explained from
a microscopic point of view. The first term in the right-
hand-side of equation (20) arises from the first-order
Fermi-type acceleration/deceleration as particles scatter
at inhomogeneities that flow with different velocities
at different locations. The second term is due to the

2y

(22)
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betatron effect in the local frame that moves with the
fluid velocity w. Thus, there is a one-to-one correspon-
dence between the processes introduced in Monte Carlo
simulations and the components of the energy-changing
term in the diffusion-convection equation.

In addition to the field-aligned particle motion, a
cross-field particle transport has been also incorporated
into the focused transport models [26], [27] and can
be used when it is justified by the SEP data and the
interplanetary magnetic field measurements.

Accurate measurements of the particle pitch-angle
distributions in some SEP events indicate that current
scattering models may be not always valid [28], while
in other events the quasilinear theory gives satisfactory
fits to the data [1].
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